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The importance of developing photovoltaics as a future 
energy source is well established. Compound semiconductors 
have played an important role in this development because 
good efficiencies can be obtained due to the favorable band 
2 
gaps of some of these semiconductors. The standard method 
of making these semiconductors involves growing high purity 
single crystals but this process is energy consuming and 
costly. Polycrystalline forms of these compounds have also 
been made with reasonable efficiencies and costs. Of 
interest here are chalcogenides and in particular cadmium 
sulfide. It has been shown t~at many chalcogenides, 
especially sulfides and selenides, can be cathodically 
deposited from a nonaqueous solution of a metallic salt and 
the elemental chalcogen. To make these polycrystalline 
deposits very little energy is needed and thus this method 
could be quite cost effective. 
There are numerous parameters that can be controlled in 
this electrodeposition of cadmium sulfide including 
temperature, current density, concentrations of reactants 
and doping. It was found that the conditions which yield 
the highest photopower are 88°C, a current density of 0.25 
mA/cm 2 , a cadmium chloride concentration of 0.2 F, a sulfur 
concentration of O.IF sulfur atoms and a 
doping concentration of 2xI0-8 F. 
The mechanism of this deposition 
bismuth 
is not 
chloride 
fully 
understood mainly due to the complex chemistry of sulfur. 
Part of this complexity is the presence of S6 and S7 along 
with the major component S8 in sulfur solutions. At 
equilibrium, these minor components are 2% of the sulfur at 
90°. Fortunately their equilibrium is slow enough that they 
3 
can be separated by HPLC. The reaction of these sulfur 
species with finely divided cadmium metal was followed. At 
room temperature S7 is slightly more reactive and Sa seems 
to adsorb strongly on the surface. With the solution at 90° 
S7 is much more reactive and adsorption is less pronounced. 
The electrochemistry of these sulfur species was 
followed by electrochemical flow· cell detectors and a UV 
detector connected to the HPLC. On a gold electrode it was 
shown that the half wave potentials of S6' S7' and Sa are 
respectively -0.50V, -0.54V, and -0.63V. Quantitative 
reduction on porous carbon was more complex. At flow rates 
below 0.4 ml/min Sa was reduced by four electrons per 
molecule while at flow rates above 1.5 ml/min Sa was reduced 
by only two electrons per molecule. S6 was reduced at all 
flow rates by eight electrons per molecule. S7 was reduced 
by eleven electrons per molecule except at flow rates below 
1.0 ml/min where S7 was decomposed in the UV detector. 
These electrochemical studies show that S6 and S7 are 
electrochemically more reactive than Sa and thus may play an 
important role in the formation of the cadmium sulfide 
deposits. 
In the past year there has been an important 
development in the measurement of midgap impurity levels of 
semiconductors. These impurity levels are important because 
they significantly alter the electrical properties of 
semiconductors. This new technique is called 
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Electrochemical Photocapacitance Spectroscopy and can be 
used to analyse a wide variety of semiconductors. It works 
by shining sub band gap light of the semiconductor in a 
photoelectrochemical cell while measuring the capacitance on 
the surface. Up to now interpretation of these spectra has 
been qualitative. A quantitative model is presented here 
along with a computer program utilizing this interpretation. 
This model assumes a Fermi distribution of the impurity 
levels to calculate the density of states versus the energy 
depth in the band gap. Cadmium sulfide deposits were 
analysed by this technique as well as other semiconductors. 
CHAPTER I 
INTRODUCTION 
The importance of photovoltaics for future electrical 
energy production is well recognized. Reducing their cost 
and improving their efficiency are both necessary for their 
future utilization. One form of photo voltaic that has 
gained substantial recognition is the thin layer cell. This 
type of solar cell improves efficiency by reducing 
electrical resistance. Even more importantly it reduces 
cost by decreasing the amount of material needed. Many of 
these thin layer photovoltaics are on the order of only one 
to ten microns thick (1). 
Another important development in the field of 
photovoltaics is the variety of substances being 
investigated. Previously various forms of silicon dominated 
the field but more and more often different materials have 
been subject to research and breakthroughs, especially in 
the area of compound semiconductors. One reason these other 
semiconductors are potentially better than silicon is that 
they have band gaps that make them theoretically more 
efficient (2,3). 
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The compound of main interest here is cadmium sulfide 
(CdS). This compound has been made in thin film form by a 
variety of techniques such as vapor deposition (4), 
anodization of cadmium in sulfur solutions (5), and cathode 
deposition from aqueous solution (6). 
Of main interest here is the cathodic deposition of CdS 
from nonaqueous solutions of elemental sulfur and a cadmium 
salt. This technique was discovered simultaneously by two 
groups (7,8). The overall reaction for this deposition is 
Cd+ 2 + S + 2e ---> CdS. 1 
There are many variables that can be controlled in making 
these deposits including substrate, solvent, electrolyte, 
type of cadmium salt (counter ion), cadmium concentration, 
sulfur concentration, temperature, rate of deposition 
(current density), and doping effects. The initial four 
parameters listed above were not investigated here although 
Baranski and Fawcett have studied these effects and noted 
that a) a variety of substrates can be used (8); b) the type 
of solvent used is important; and c) the anions present in 
solution also affect deposits (9). The latter five 
properties have been studied here by changing only one of 
these variables at a time. Each deposit made was tested in 
a photoelectrochemical cell 
the light source. 
PEC's differ from 
(PEC) using a halogen lamp 
photovoltaics in that 
as 
the 
photo-active junction is a 
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semiconductor/electrolyte 
interface rather than a p-n or p-i-n solid state junction. 
It is believed that these PEC's may be an important 
technology in future solar conversion technologies (10,11). 
For this refi30n and the fact that this method is relatively 
simple to accomplish is why this technique was chosen. The 
main drawback to this testing method is the fact that CdS is 
unstable under illumination in most solutions. Th1s is 
because the illuminated CdS reduces itself (the reverse of 
reaction 1) which forms a passivating sulfur layer on the 
surface, rather than reducing the oxidizing agent of the 
redox couple in solution. This problem has been largely 
solved by use of aqueous polysulfide (12,13). Although long 
range stability is yet a problem, this system is more than 
stable enough for the testing done here. 
Another method of testing semiconductors which reveals 
quite different properties is Electrochemical 
Photocapacitance Spectroscopy (EPS). This method has been 
developed recently by Haak and Tench (14). It works by 
immersing the semiconductor in a PEC with a reverse bias and 
shining sub-bandgap monochromatic light. As the wavelength 
of the light is varied the capacitance of the surface of the 
semiconductor electrode is measured. Impurity levels in the 
band gap become filled or emptied due to the energy of the 
incident light which causes the charge, and thus the 
capacitance, on the surface of the electrode to change. 
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Until now these spectra have been interpreted qualitatively. 
Presented here is a model which interprets the EPS results 
to give the amount of the impurities (density of states) as 
a function of depth in the band gap. EPS was done on 
samples of cathodically deposited CdS and the results are 
interpreted here along with the results of other 
semiconductors analysed by this technique. Because this 
topic is somewhat distinct from most of the other work 
presented here, a separate chapter is devoted to its 
discussion. 
Besides the testing of these CdS deposits made under 
different conditions, studies of the mechanism of the 
deposit were also undertaken in the hopes that a better 
understanding of the process would guide us toward improving 
them. Roe, Li and Gerisher (7) have proposed two possible 
mechanisms for these deposits: 
Cd+ 2 + 2e- ---> Cdo() 2a 
surf 
CdO(surf) + Sm ---> CdS + Sm_l 2b 
or 
- -2 S + 2e ---> S ( f) m m sur 3a 
S-2 m(surf) + Cd+
2 
---> CdS + Sm_l 3b 
There is evidence that the mechanism may be dependant on the 
substrate. Roe, et al. (7) showed that reaction sequence 2 
could be responsible for the initial layers formed on gold. 
Baranski and Fawcett (9) give evidence that reaction 
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sequence 3 occurs on deposits of CdS and postulate that a 
similar mechanism occurs for the initial deposits. 
The sulfur chemistry involved in these reactions is 
quite complicated. Adsorption of sulfur on the surface of 
the electrodes probably plays an important role (9). 
Aparicio-Razo performed rotating ring disk electrochemistry 
studies on Ss and calculated the heterogeneous rate 
constant for the two electron reduction (15). He also 
showed that at higher temperatures adsorption occurs on the 
gold electrode with complicating side reactions. Hogle 
showed that at 90° sulfur reacts spontaneously with cadmium 
metal to form a complex mixture of polysulfides (16). He 
and Mondon (17) showed that the cadmium ion forms complexes 
with polysulfide species that are stable and quite soluble 
in dimethylsulfoxide (DMSO) solutions. 
To complicate matters further Ss is not the only 
species present when an elemental sulfur solution is in 
equilibrium. Steudel et al. (IS) showed that mixtures of 
sulfur rings could be separated by high pressure liquid 
chromatography (HPLC). Tebbe et a1. (19) used this 
separation and showed that S6 and S7 are in equilibrium with 
Ss and present at above 1% in solution at room temperature. 
At higher temperatures, S6 and S7 are in greater 
concentration. 
is also 
S6 is known to be more reactive than SS' and 
believed to be more reactive (19-23). 
Aparicio-Razo showed that S6 and S7 react differently than 
6 
S8 with cadmium (15). This reactivity of sulfur species 
with cadmium has been further studied here. In addition, 
electrochemisty of each sulfur species was performed here by 
separating them in the HPLC and using electrochemical flow 
cell detectors. The flow cell electrodes used were gold, 
cadmium sulfide and porous carbon. The latter flow cell was 
used because the coulombic efficiency was very high and 
gives quantitative results. These electrochemical cells 
reveal much information about each of these sulfur species 
because they can test them separately. As will be shown 
later, these sulfur species do indeed react differently. 
An important snag in the path of this sulfur inquiry 
was the lack of information about S7. Its isolation and 
synthesis was accomplished in 1968 (24), but no UV spectra 
of S7 was reported in the literature due to instability 
under UV light (25). Aparicio-Razo had made a relative UV 
spectra (15) but without absolute measurements and thus a 
quantitative determination could not be made. For this 
reason S7 was isolated and some of its chemical and physical 
properties were investigated. This enabled quantitative 
values of S7 to be determined, with some surprising results. 
When the results of all these individual studies and 
past research are put together, they reveal much about the 
formation of these CdS deposits. The EPS spectra reveal 
what kind of impurities present in the deposits are causing 
the low efficiencies. The sulfur chemistry studies explain 
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how the impurities get there and also explain much about the 
CdS deposition conditions and its mechanism of formation. 
It is hoped that in the light of all of this information 
better CdS and other compound semiconductors can be made for 
solar cell applications. 
CHAPTER II 
EXPERIMENTAL 
Chemicals and Equipment 
When a chemical or a piece of equipment is used in very 
few experiments, its source is noted in parenthesis 
following the item. Articles that are used throughout many 
experiments are listed below. 
Chemicals. Precipitated sulfur was used as received 
from Mallinckrodt as was analytical reagent grade cadmium 
chloride (CdCl 2 ·2!H 20). Sodium tetrafluoroborate from Alfa 
was recrystallized once. Dimethyl sulfoxide (DMSO) was 
obtained from Crown Zellerbach and used without further 
purification. Triply distilled water was distilled in 
quartz and stored in polypropylene. 
Sodium perchlorate was made by adding 50% w/w sodium 
hydroxide (Baker AR) slowly to concentrated perchloric acid 
(Mallinckrodt AR) in an ice bath until the solution tested 
neutral to litmus paper. The excess water was boiled off 
and the remaining slurry was dried in an oven. 
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Equipment. Equipment used is listed below, followed by 
manufacturer and model number: 
Centigram balance, Torsion Balance Co., Torbal 
Analytical balance, Mettler Instruments, Sauter 424 
Potentiostat, Heka, PG284 
Dual Pen Chart Recorder, Texas Instruments, FX22T6D 
Digital Multimeter, Tektronix, DM501 
Digital Multimeter, Data Precision, 245 
X-Y Recorder, Hewlett Packard, 7040A 
Computer, Honeywell, 66/20 
Computer, Hewlett Packard, HP7225B 
Calculator, Hewlett Packard, HP25C 
Thin Layer Flow Ceil, Bioanalytical Systems, LC-17 
Equipment used for HPLC analyses are as follows: 
HPLC pump, Waters Associates, M-6000A 
Sample injector, Rheodyne, 7125 
Column, Altex, Ultrasphere ODS 254-05 
Absorbance Detector, Waters Associates, 400 
Dual Pen Chart Recorders, Texas Instruments, FX22T6D 
Also used were an integrator, a bipotentiostat and a 
constant current device, all made at Portland State 
University. The integrator takes a 1 volt signal, 
integrates it with a 1 sec., 100 msec., or 10 msec. time 
constant and outputs the resulting voltage. 
The bipotentiostat is a dual potentiostat whose two 
working electrodes can be operated independant1y while they 
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have common reference and counter electrodes. The potential 
range is plus or minus 2 volts with the current output of 
plus or minus 20 milliamperes. 
The constant current device is a constant current 
source with current ranges of 0-1 rnA and 0-10 rnA. It is 
powered by a 9 volt battery and was tested before each use. 
Cadmium Sulfide Depositions 
Cadmium sulfide deposits were made in a 100 
mI. three-neck flask immersed in a glycerol bath which 
rested on a combination magnetic stirrer/hot plate which 
stirred both the heating bath and solution. The solution 
contained sulfur, cadmium chloride and tenth molar sodium 
tetrafluoroborate electrolyte in dimethyl sulfoxide. Placed 
in this solution was a nitrogen bubbler, a cadmium counter 
electrode (anode) and of course the working electrode 
(cathode). The counter electrode was separated from the 
bulk solution by a glass frit and surrounded by 0.1 M CdCl 2 
in DMSO. The working electrode, usually gold foil, was 
suspended from a titanium clip and pretreated as follows; 
the foil is polished smooth and flattened, then sequentially 
washed with methanol, water, dilute HN0 3 , 1/1 v/v H20/conc. 
HCI, water, and DMSO. The electrode is then connected to 
the counter electrode via a constant current device and 
immersed into the solution with the power on. Deposition 
continued until nominally one or, more often, two microns of 
CdS had deposited, assuming 100% deposition efficiency. The 
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sample was then immediately removed and tested for 
photoproperties. 
Varied throughout these deposits were temperature, 
current density, CdC1 2 and sulfur concentration. Also 
tested was the effect of BiC1 3 as a dopant. Each variable 
was tested separately by fixing the remaining variables. 
Temperature was varied from 60° to 130° in 10° 
intervals while keeping [CdC1 2 ]=10 mM, [S]=38 mM and current 
density in the range of 0.14 to 0.18 mA/cm2. 
A second series of deposits were made varying 
temperature from 81° to 99° with [CdC1 2 ]=0.20 F, [S]=0.10 F, 
2 -8 
current density=30 +/-2 rnA/em and [BiC1 3 ]=2.0x10 F. 
While the current density was varied from 0.15 to 
1.00 mAl cm 2 the other variables were fixed as 
follows: [CdC1 2 ]=sOmF, [S]=100mF and temperature 
Another set of measurements was made at 90° with [CdC1 2 ]=smF 
and [S]=10mF. 
Two sets of data of sulfur variance were made, one with 
[CdC1 2 ]=20 mM and the other with [CdC1 2 ]=sO mM. Temperature 
was kept at 90° while current density was in the range of 
2 0.27 to 0.30 mA/cm. Sulfur concentration varied from 20 mM 
to 190 mM (saturation). 
Similarly, a double set of cadmium concentration 
variance was made. [CdC1 2 ] varied from 20 mM to 500 mM 
while temperature was fixed at 90°, current density at 0.28 
to 0.34 mA/cm 2 and [S] was kept at both 190 mM and 100mM. 
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Lastly doping of the cadmium sulfide was attempted by 
adding BiCl 3 (Matheson, Coleman & Bell) to the deposition 
solution with the ratios of [Bi 3+]/[Cd 2+] ranging in decades 
from 10- 4 to 10- 10 . The other parameters were [CdCl 2 ]=200 
mM, [S]=100 mM, temperature= 90° and current density was 
0.30 ±0.02 rnA/em'. 
Measurement £i Photoproperties 
The cadmium sulfide samples were tested by immersing 
them in a redox solution with a platinum gauze counter 
electrode. The sample was illuminated with a quartz-iodine 
lamp (SLI-no.2062). The potential and current between the 
electrodes was metered by a potentiostat and registered on 
an X-y Recorder. Usually both light and dark 
voltage/current curves were measured by scanning at 1 mV/sec 
from the OCP to 0 volts. 
The lamp intensity was calibrated at various distances 
using a Coherent 210 Power Meter. The results are shown in 
figure 1. A distance of 8 cm. gives AMI light which was 
generally used. 
The redox solution used was a polysulfide solution 
which protects the semiconductor from photodecomposition 
(13). This aqueous solution consists of 1 F NaOH, 1 F Na 2 S 
and 1 F S atoms. 
Error bars shown on photopower measurements are due to 
uncertainty in the CdS electrode surface area. All other 
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Figure 1. The intensity of the SLI-no. 2062 
quartz iodine lamp, useQ as a sun lamp to test 
the CdS deposits, as a function of distance. 
errors shown are 
otherwise. 
standard deviations 
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unless stated 
Filtrations through Cadmium Metal 
In these experiments samples of sulfur in DMSO are 
filtered through finely divided cadmium metal. The samples 
are analysed for their S6' S7 and S8 content via HPLC both 
before and after filtration. In this analysis only the UV 
element was used as a detector and integration was not 
performed. 
flow rate 
Methanol was used as the mobile phase with a 
of 1.6 ml/min. The sulfur samples were warmed 
prior to filtration. 
The finely divided cadmium is produced by reacting 1 M 
Cd(N0 3 )2 in water with three times the stoichiometric amount 
of NaBH4 to ensure complete reduction. The mixture is 
rinsed with water and dilute acid to remove any 
unreacted NaBH4' 
DMSO. 
rinsed with water again and finally with 
Electrochemistry £f Bulk Sulfur 
Two experiments were performed on bulk sulfur. One was 
to determine diffusion limited sulfur currents under similar 
conditions as for a CdS deposition. As such the same cell 
and electrodes were used as for the deposits except that a 
solution of 10 mM Sand 0.01 M NaBF4 in DMSO was used 
without any cadmium salts. Background currents using just 
15 
0.10 M NaBF 4 in DMSO were also measured and subtracted from 
the sulfur curves. These voltammetric measurements were 
made using the potentiostat at scan rates of 200 mY/so 
These currents were measured for temperatures ranging from 
60° to 110° at 10° intervals. 
The other bulk sulfur measurements were made in 
acetonitrile with the thin layer flow cell (TLFC). Sulfur 
concentration was 0.100 gil with 0.100 M NaCI0 4 as 
electrolyte. The working electrode was gold with a glassy 
carbon counter electrode and a silver/silver chloride 
reference electrode. Solutions were deoxygenated. 
~6' ~7 and ~8 Electrochemistry using High Pressure Liquid 
Chromatography 
S6' S7 and S8 were analyzed electrochemically by 
separating them with HPLC, quantitating them with the UV 
detector and measuring them with an electrochemical flow 
cell. Sulfur samples were dissolved in methanol or 
acetonitrile and kept near the boiling point of the solvent 
to ensure maximum S6 and S7 concentrations. 
Equipment configuration for the bipotentiostat 
arrangement is shown in figure 2. The equipment set up is 
similar when the regular potentiostat is used, except that 
there is only one 
Electrochemical 
cell (TLFC) and 
working 
flow cells 
a porous 
electrode and current output. 
used were the thin layer flow 
carbon coulometric flow cell 
~ 
HPLC 
Pump 
Sample 
injection 
pcrt 
Column 
u V 
Detector 
Integrator 
[J] 
Electro-
chemioal 
Flow Cell 
G·_·_······_-Po~enlio8~al ---. -- - ..... _------- - --; 
[] 
Chart Recorders 
Figure 20 Configuration of equipment used for electrochemical measurements of 
sulfur species. 
..... 
0\ 
assembled here at Portland State University. 
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This latter 
flow cell used porous carbon electrodes manufactured at 
Environmental Sciences Associates for their Model 5100 LC 
Detector; the counter electrode used was zinc to reduce 
plating on the porous carbon and minimize interaction with 
the sulfur. 
electrode. 
Its potential was monitored with a Ag/AgCl 
In the presence of oxygen the sulfur reduction is 
impossible to observe. Thus the eluant was bubbled with 
nitrogen or argon for at least one hour and then the HPLC 
machine was flushed with this deoxygenated solvent for 
another hour. The solvents were liquid chromatography 
grade. Acetonitrile carne from Burdick & Jackson, Baker, or 
Mallinckrodt. Methanol was from Burdick & Jackson, 
or E. M. Science. 
Baker, 
At the start of each of these experiments, the 
electrodes give irreproducible results. Only after 
conditioning by repeated exposure to sulfur would results 
and baselines stabilize. To facilitate this stabilization, 
electrodes were often flushed with straight sulfur solution, 
bypassing the column and UV detector. 
For each of these measurements, the potential and the 
flow rate is fixed. But both of these variables can and 
were changed between runs. Other important parameters that 
remained fixed are as follows: UV detector wavelength 254 
nm, UV detector volume = 12.5 microliters, time constant of 
UV integrator 
microliters. 
1 second, volume of sample loop 
lS 
20 
Sulfur Reduction on Gold. In the first of these 
experiments, sulfur was reduced in the TLFC at differing 
potentials but constant flow rate. Current peak heights 
were normalized against absorbance peak heights and no 
integrations were performed. 0.050 M tetraethylammonium 
perchlorate (TEAP, Southwestern Analytical Chemicals) in 
methanol was used as the eluant. 
of sulfur in methanol. 
The sample was 0.300 gil 
Kinetic Effects of Sulfur on Gold. In these 
experiments the charge (integrated current) and the current 
peak heights were measured at different flow rates at 
various potentials. The charge and current measurements 
were normalized against their integrated absorbance and 
current peaks at each flow rate were also normalized against 
the corresponding peak of the reversible system hydroquinone 
at the same flow rate. Also studied were some of the 
conditioning effects. This was don~ by timing injections so 
that an Ss peak would come just before the peak being 
5Ludied. 
0.10 M NaC10 4 in ace£onitrile was the eluant and the 
sample was 0.100 gil of sulfur also in acetonitrile. 
The hydroquinone normalizing peaks were made with 0.2% 
1:5 vlv methanol:water as the mobile phase. 
This solution was also used to make the sample of 10 
19 
micrograms/liter hydroquinone. 
Sulfur Reduction in Porous Carbon. For these 
measurements different flow rates were used at potentials 
near -1.0 volt vs. Ag/AgCI. The eluant was 0.10 M NaCI0 4 in 
acetonitrile and the sample was 0.100 gil of sulfur in 
acetonitrile. 
Sulfur Reduction on Cadmium Sulfide. A single crystal 
cadmium sulfide electrode with an ohmic contact was set in 
epoxy with the c-axis perpendicular to the surface. This 
piece was then machined to fit the LC-17 thin layer flow 
cell. Thus a CdS thin layer flow cell was constructed with 
a glassy carbon counter electrode. 
This cell was connected to the HPLC and sulfur species 
electrochemistry was performed at various potentials. A 
O.lOOg/1 S8 in acetonitrile kept at 75° and a 0.039g/1 "S7" 
in acetonitrile kept at 0° were used as samples. 
flow rate of 1.Oml/min was used. 
~7 Experiments 
Only one 
Crude S7 was isolated from a sulfur melt by the 
technique described by Steudel and Maeusle (26) . A 
saturated solution of this S7 in acetonitrile was made with 
a concentration of 39mg/L. It was diluted in half and a 
control sample of this solution was made and stored at 0° in 
the dark. A UV spectra was recorded with a Beckman 26 
Spectrophotometer, and the sample was then exposed over time 
at room temperature to a UVS-54 Mineralite Lamp (Ultraviolet 
20 
Products, Inc.). UV spectra were recorded at periodic 
intervals to follow the decomposition reaction. When this 
solution's spectrum no longer changed it was injected into 
the HPLC to analyse the amounts of components. The control 
sample was also injected to compare with the decomposed 
sample. The species distribution data from the control 
sample was also used to calculate the absorptivity constant 
of S7 at 254nm by calculating the amounts of the other 
species, substracting this mass from the total sulfur mass, 
and using the difference in the final calculation. 
Electrochemical Photocapacitance Spectra 
Several CdS deposits were made on different substrates 
including gold and cadmium metal. The deposition conditions 
-8 
were 0.20 F CdC1 2 , 0.10 F S, 2 x 10 BiC1 3 , 0.10 F NaBF4' 
90°C and 0.30 rnA/em'. A bismuth sulfide deposit on cadmium 
metal was also made under the same conditions except that 
the BiC1 3 concentration was 0.20 mF. Other conditions are 
as described previously. Electrochemical photocapacitance 
spectra were recorded by Ron Haak at the Rockwell Science 
Center in Thousand Oaks, California. 
CHAPTER III 
RESULTS 
Deposition Conditions for CdS 
Listed below are the various variables that were 
studied to see what effect they would have on cathodic 
deposits of CdS. Shown in figure 3 is a good and a poor 
photoresponse of such a deposit. 
the point of maximum power (p ). 
m 
Shown also in figure 3 is 
Of the several measured 
values (OCP, short circuit current (i ), p and fill factor 
c m 
which is equal to P I(OCP xi», p was chosen as the final 
m c m 
criterion by which to judge the photoresponse mainly because 
this is the criterion used in final applications. p was 
m 
determined from the current voltage curves by the fact that 
at p , dV/dI = -V II . The other measured values tended 
m max max 
to follow the same patterns as Pm. 
Since there is a certain amount of experimental error 
in the depositions and their photoresponse, several of the 
plots of p versus the respective variable were curve fitted 
m 
using a second-order polynomial. Second order was chosen 
because it is the simplest polynomial which would yield 
maxima, the maxima being the optimum deposition value for 
light 
dark 
light 
potential 
----r---~------~~--
dark 
a 
Figure 1. Typical results of a photoresponse 
test of CdS. a) a current-voltage curve for a 
CdS deposit with a good photoresponse. Also 
shown is the point of maximum power. b) as in (a) except with a poor photoresponse. Note the 
decreased curvature, as well as the smaller 
currents and potentials •. 
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that varianle. 
Temperature. The first set of temperature studies from 
60° to 130° showed the ideal temperature to be 90°. See 
figure 4 for more detailed results. The second set of 
measurements was taken in the range of Sl° to 99° and showed 
that the optimal temperature is SS±3°C. 
Also measured as a function of temperature was the 
diffusion limiting currents due to Ss in a DMSO solution 
under our stirring conditions. The results are shown in 
figure 5 and was used to set an upper limit for the current 
density. 
Current Density. The measurements taken with varying 
current densities agree that the ideal current density 
region is 0.20 to 0.30 mA/cm'. See figure 6. Deposits made 
below 0.17 mA/cm' were generally poor. The change at 0.17 
mA/cm' was quite sharp relative to the gradual tapering off 
at current densities higher than 0.30 mA/cm'. 
Sulfur Concentration. The optimum sulfur concentration 
appears to be near 0.1 M of sulfur atoms. See figure 7. 
This just below the concentration of sulfur at saturation, 
0.19 M. All of these deposits, and those for the cadmium 
concentration studies too, 
densities near 0.30 mA/cm'. 
Cadmium Concentration. 
were made at 90°C with current 
For the effect of cadmium ion 
concentration of photopower see figure S. 
occurred at 0.20 M CdCI 2 . 
The best deposits 
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Doping with Bismuth Ion. At 
10-3 the cathodic deposits 
a 
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[ Bi3+]/[Cd 2+] ratio 
of gave a thin film of a 
coherent very dark green, almost black substance. These 
films had unexpectedly high photocurrents and it is most 
probable that these deposits were mainly Bi 2S3 rather than 
CdS. 
At lower bismuth ion ratios the more typical orange 
colored deposits of CdS appeared. The best doping level 
occurred near a [Bi 3+]/[Cd 2+] ratio of 10-7 • For the 
results of this experiment see figure 9 • Another very 
important effect of this doping is that it greatly reduced 
the noise that had been seen in previous experiments. 
Filtration ~ Sulfur through Cadmium Metal 
Sulfur solutions in DMSO were filtered through finely 
divided cadmium metal. The solutions were measured for S6' 
S7 and S8 concentration before and after each filtration by 
HPLC. 
Multiple filtrations were made through the same 
cadmium. At room temperature S6' S7 and S8 are removed in 
equal proportions, but in subsequent filtrations, the metal 
becomes passivated with either elemental sulfur or CdS. At 
90° S7 is much more reactive; 34±5% of S7 is removed while 
17±4% and 19±2% of S6 and S8 respectively are removed. 
Subsequent filtrations also tended to passivate but not as 
strongly as at room temperature. 
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Electrochemistry £i Sulfur Species 
Given below are the results of several different 
electrochemical studies of sulfur. Most of these studies 
involve the individual sulfur species S6' S7 and Sa which 
were separated and analysed by HLPC. Initial studies were 
made in methanol but subsequent studies were made in 
acetonitrile to eliminate proton effects(22). All 
potentials are versus an aqueous silver-silver chloride 
electrode. The presence of oxygen would cause a large 
background current. When the sulfur species would come 
through the electrode in the presence of oxygen, there would 
appear to be an anode wave which was actually a diminishing 
of the oxygen reduction. Thus it is very important for 
these measurements to eliminate oxygen as much as pcssible. 
Sulfur Species ~ Gold Electrodes. In the first of 
these experiments the sulfur species were dissolved in 
methanol, separated by HPLC, detected by a UV detector and 
reduced on a gold electrode which was at a fixed potential. 
This potential was varied between runs and by normalizing 
the measured current peaks against the absorbance peaks it 
was possible to establish the current voltage curves shown 
in figure 10. Using the diffusion limiting currents from 
the plateau region of these curves it was possible to make 
Tafel plots of these sulfur reductions which gave half wave 
reductions and Tafel slopes. The half wave potentials of 
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Figure 10. Peak current of sulfur species 
reduction on a gold electrode verses potential. 
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peaks from the HPLC detector.. Error bars are 
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current peak. 
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S6' S7 and S8 were 
and -O.63±O.02V 
respectively -O.50±O.03V, 
33 
-O.54±O.03V, 
indicating that are indeed 
more electrochemically active than S8. Tafel slopes of 
all three species were very nearly the same at O.042V which 
indicates that all three are reduced irreversibly. 
Also noted for this gold electrode was a conditioning 
effect. Initial results were not reproducible but by 
repeated exposure of the electrode to the sulfur the 
electrode would stabilize. This conditioning of the 
electrode was studied in acetonitrile to eliminate proton 
effects. This conditioning could be achieved by repeated 
injections of sulfur samples through the HPLC but a much 
quicker conditioning could be achieved by injecting a sulfur 
solution directly into the electrochemical flow cell. 
This effect could be further studied by making multiple 
injections through the HPLC and timing the injections so 
that the large S8 peak would come immediately before the S 
x 
(or other species) peak being studied. For x=6, 7, or 8, Sx 
peaks that came immediately after an S8 peak were diminished 
and conversely peaks that came more than a minute after the 
S8 peak were enhanced. Still, all of these peaks were 
larger than the peaks observed prior to any conditioning, 
i.e. the initial injections. Thus the prior history of the 
gold electrode's exposure to sulfur affects its response. 
Flow rate studies were also made on this gold electrode 
after conditioning. The UV detectors absorbance signal was 
34 
integrated so that the total amount of each sulfur species 
could be calculated. Flow rates of 0.5, 1.0 and 2.0 ml/min 
were used. Current peaks were normalized against both the 
amount of the sulfur species detected by UV and also the 
peak height at the respective flow rates for the reversible 
system quinone/hydroquinone. The former normalization 
accounts for concentration variation among samples. The 
later normalization accounts for differing spreading of the 
peak widths at differing flow rates for this particular HPLC 
and flow cell geometries. Results are shown in figure 11 at 
various potentials. Note that in almost every case there is 
a decrease in the peak current at 0.5 ml/min. Also the S7 
peak currents at 1.0 mllmin are depressed relative to 2.0 
ml/min. 
Sulfur Species on Porous Carbon Electrodes. Porous 
carbon electrodes with near coulometric efficiency were 
constructed with zinc counter electrodes in flow cells and 
connected to the HPLC. Absorbance, integrated absorbance, 
current and integrated current (charge) were all measured as 
the sulfur species passed out of the HPLC column. It was 
noted that different amounts of charge were consumed per 
mole at different flow rates. Results are shown in figure 
12. It is shown here that S8 is reduced by two electrons 
per mole at higher flow rates but is reduced by eleven 
electrons per mole at low flow rates. S7 is reduced by 
twelve electrons per mole at higher flow rates and seven 
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electrons per molecule at lower flow rates but this may be 
due to the decomposition in the UV detector of the UV 
sensitive S7 to form S8. S6 reduction is more noisy due to 
its smaller signal but its reduction is fairly constant over 
the whole spectrum of flow rates with an average value of 
eight electrons per molecule. Thus near this potential 
(-1.0 V) S6 and S7 are reduced more completely than S8. 
Sulfur Reduction on a Cadmium Sulfide Electrode. In 
these experiments both S8 and S7 samples dissolved in 
acetonitrile were pumped through the HPLC column and a thin 
layer cell with a cadmium sulfide electrode. There was a 
conditioning effect as seen on the other electrodes but tte 
result~nt current peaks took on an unusual shape. When the 
S8 species came through the eletrode, two peaks appeared. 
See figure 13. The first peak was sharp and attributable to 
the bulk S8 species passing through the electrode. The 
second peak was broader and appears after the bulk of S8 has 
passed. This second peak also diminished more than the 
first peak at lower potentials. 
The above description applies to the S8 samples. When 
S7 samples were passed through the system, a similar double 
peak was seen for S7 rather than the minor constituent Sa. 
Thus for both S7 and Sa samples, the major constituent gave 
double peaks while the minor constituents gave the usual 
single peaks. 
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Crude S7 was isolated from a sulfur melt. The molar 
absorptivity was calculated as follows. A dilute solution 
in acetonitrile was made but the sample would not all 
dissolve. This solution was gravimetrically filtered and 
this mass of undissolved particles was substracted from the 
mass of the added sample to give the net dissolved mass. 
This solution was injected into the HPLC and the integrated 
absorbance at 254 nm was measured for all of the sulfur 
species present. The mass of S8 and S6 in these HPLC 
samples was calculated using the integrated adsorbance and 
their molar absorptivities which are 5930 (18) and 3130 (23) 
respectively. The HPLC masses of the larger sulfur rings 
were also estimated by this technique assuming that they had 
the same absorptivity per atom as S8' The HPLC masses of 
all these sulfur species were then subtracted from the net 
dissolved mass of sulfur in the HPLC sample giving the 
nominal S7 
the molar 
mass. This S7 mass was then used 
absorptivity which was 11,300±500. 
to calculate 
The error in 
this number comes mainly from the net dissolved sulfur mass 
which was only 3.9 mg in 100 mI. 
This large absorbance is confirmed by the decomposition 
studies that were made. In these tests, the same S7 sample 
in acetonitrile was photodecomposed by continuous exposure 
to a UV lamp (254 nm). The changes in the sample were 
followed by periodically making a UV spectrum. Most of the 
changes occurred in the first few hours and a stable 
40 
"equilibrium" had been reached by IS hours. This stabilized 
solution was run through the HPLC which showed that S7 had 
decreased significantly, Ss had increased only slightly 
while S6 increased remarkably. Several larger sulfur rings 
also increased measurably, especially S12. The reason that 
this confirms the large absorptivity calculated above is 
that for every decrease in absorbance for S7 there was only 
half as much increase in absorbance for all the other 
species combined. 
CHAPTER IV 
ELECTROCHEMICAL PHOTOCAPACITANCE SPECTROSCOPY 
Impurities in semiconductors playa very important role 
in determini~g their electrical properties. 
energy levels near the 
purposefully introduced 
conduction or 
as dopants 
Impurities with 
valence bands are 
which control 
conductivity. Impurity levels deep in the band gap enhance 
recombination and therefore reduce carrier lifetime and 
conductivity. It is these deep level impurities that can be 
investigated by Electrochemical Photocapacitance 
Spectroscopy (EPS)(14). 
There are several methods for investigating deep level 
impurities but they have their shortcomings. The most 
direct method is to make absorbance measurements of the 
semiconductor. But this often entails having a very thin 
wafer of the substance which is difficult if not impossible 
to do, due to the thinness required and the frailty of most 
semiconductors. Another capacitance measurement which has 
been successfully used is Deep Level Transient Spectroscopy 
(DLTS)(27). This techni4ue uses tte capacitance at the 
surface of some heterojunction such as a p-n junction or a 
42 
Schottky barrier. In this technique the transient 
capacitance of the junction is measured as a function of 
temperature. The shortcomings of this technique are the 
tedious and time consuming experimental work required, while 
the interpretation of the data is difficult and sometimes 
speculative. In contrast, EPS can be done on almost any 
semiconductor; the spectra can be measured in a few hours, 
and the interpr~tation is reasonably straightforward. In 
addition kinetic studies of these impurity levels are easily 
made. 
EPS is similar to DLTS in that capacitance measurements 
are made at a heterojunction, but in the case of EPS the 
heterojunction is an electrolyte/semiconductor interface. A 
diagram of such a junction for an n-type semiconductor is 
shown in figure 14. This junction is reversed biased which 
causes charge to build up on the surface. Any donors that 
are thermally near the gap become ionized and their 
electrons (or holes in the case of a p-type semiconductor) 
are ionized into the conduction band and move down the 
potential gradient 
semiconductor. This 
away 
causes 
from the 
the charge 
surface of the 
on the surface to 
increase, 
is made, 
and thus also the capacitance. When the spectrum 
sub band gap light is directed onto the 
semiconductor. This causes electrons trapped in impurity 
levels to be ionized by photon absorption, which causes the 
capacitance to increase. Similarly an electron could be 
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Figure 14. Semiconductor electrolyte interface 
for EPS. Note the deep donor level from which a 
an electron can be photoexcited into the 
conduction band. 
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ejected out of the valence band into an acceptor impurity, 
and this would cause a decrease in the capacitance. As the 
wavelength of the light is decreased more and more 
transitions occur which are monitored by the capacitance 
measurements. The plot of the capacitance versus wavelength 
gives the EPS results. 
To analyse these photocapacitance spectra 
quantitatively it makes most sense to use the Mott-Schottky 
relationship(14): 
C 2 
d (in SI units) 
where Cd = the capacitance of the semiconductor 
per unit area 
E = the dielectric constant of the semiconductor 
Eo = the permittivity of free space 
e = the charge on the electron 
NT = the net charge density of ionized impurities 
U-U FB = the semiconductor potential relative to the 
flat band potential 
In photocapacitance spectra, all of the above are fixed 
except for NT and of course Cd' The question thus remaining 
is how does one relate the density of states of impurities 
to NT at photon energy hu. One model is to assume a step 
function distribution, i.e. an impurity level with a depth 
45 
of E. in the band gap is filled with electrons with photon 
1 
energy just below E. and completely empty for 
1 
photon 
energies just above E .• 
1 
But this kind of behavior is not 
observed in the spectra and for good reason; it ignores the 
effect of phonon interaction which would blur the step 
function and it ignores the fact that at hv= E. one expects 
1 
the impurity level to be half populated if it is in 
equilibrium with its excited state in the conduction band. 
A distribution which takes these factors into account is the 
fermi function feE. ,h~) = l/(l+eEi-hV/kT) where k is the 
1 
Boltzmann's constant and T is the Kelvin temperature. Thus 
the contribution of donor density N°. at energy depth E. to 
1 1 
the total ionized states is N°. x f(E.,hv). And thus NT 
1 1 
EN°. x f(E.,hv). This gives 
1 1 
= EN°.·f(E.,hv) 
1 1 
Now we know Cd and hp. If we assume that the energy levels 
2 
are discrete and fixed we have Cd as a linear function of 
the N°.' s. Let n equal the number of discrete energy levels 
1 
we have chosen. As long as there are more than n 
measurements of Cd at different wavelengths, we can do a 
mUltiple linear regression to sol ve for the N.' s. 
1 
This is 
equivalent to doing a least squares fit on the data points 
(Cd,hV) with Ni's as the parameters. 
Choosing the E.' s is very important in this curve 
1 
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fitting. They usually are chosen to be evenly spaced, 
although this is not necessary. If they are chosen too 
close together, one has too many parameters to fit and their 
values become meaningless. On a physical level this means 
that the E. 's near each other become indistinguishable 
l 
because they are thermally too close. In pratice this has 
meant that a resolution of kT is too fine, although a 
resolution of 2kT works quite well. Some regressions have 
been done with l.skT resolution. 
In the program written for this analysis, called 
PHTCAP, its multiple regression subroutine can solve up to 
25 parameters at a time. If 2kT resolution is used, a 
spectra with a width up to 0.63 eV can be analysed in one 
regression. Spectra of larger widths can also be analysed 
using this program. This works by fitting a small portion 
of the lower end (higher wavelength) of the spectra and 
assigning half of the acquired values (see figure 15). The 
"window" is then moved over by one parameter. The data is 
then corrected for the capacitance contributed by the values 
assigned that are outside the window. Not doing this would 
give incorrect results at the lower end of the window. The 
regression for that window is then made and one more 
parameter is then assigned. Then the window is moved over 
another unit and the above process is repeated. When the 
last window is reached, all the remaining parameters are 
assigned using that regression. A copy of this program is 
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Figure 1 ~ •. Stepwise solution to fitting 
photocapacitance spectra. 
~- values assigned for present fitting. 
0- values assigned fr?m p;-evious fittings. 
0- values whose contr~but1on to the capacitance 
is subtracted~ 
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given in the appendix. 
Examples of some EPS spectra with their analyses are 
shown in figures 16-18. A sample of p-type gallium 
phosphide is given in figure 16. Here we see a broad rise 
of capacitance between 750 and 1100nm (1.1 to 1.7eV), much 
too wide to be due to one state alone. The analysis indeed 
shows a broad group of states in this range. A more complex 
spectrum is shown in figure 17 of a p-type gallium arsenide 
sample. Aside from several donor and acceptor levels 
causing decreases and increases in the capacitance there is 
also a sharp peak in the capacitance spectrum between 1300 
and 1400nm. These peaks have been noted in other 
semiconductors and are attributed to localized excitation 
levels within the band gap (14). Their analysis is ignored 
in the program presented here but their position in the band 
gap is read directly out of the spectrum and the density of 
states is easily calculated from the peak height. 
This particular analysis of these spectra has other 
limits as well. The Mott-Schottky relationship, on which 
this model is based, does not hold if the potential is too 
close to the flat band potential or if the doping level is 
too low. Thus intrinsic semiconductors analysed by this 
method would not give realistic results. At photon energies 
of more than half of the band gap there is the possibility 
of refilling impurity levels that were depopulated at lower 
photon energies. This would cause new and more complex 
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equilibria to be 
this method to be 
(acceptor,donor). 
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established and would be interpreted by 
two impurity levels of opposite type 
In spite of these drawbacks this method 
still has wide applicability in analysis of wide band gap 
semiconductors. 
An EPS spectra of a CdS deposit is shown in figure 18. 
Here we see the spectrum is relatively flat down to 800 nm 
(1.5 eV) where the capacitance continually decreases toward 
the lower end of the spectrum. This is indicative of "very 
deep" acceptor states which is the type of state that is 
expected of sulfur as an excess impurity. These acceptor 
levels could be caused by some other impurity or defect but 
sulfur is the most likely one. The presence of excess 
sulfur is not too surprising as this is often the reason 
that these cathodic deposits have poor semiconducting 
qualities. 
The ability of EPS to detect these impurity levels 
exemplifies its advanages. To measure these states by other 
techniques is difficult at best or impossible at worst. 
Added to this is the benefit of the wide diversity of 
semiconductors analyzable by this method. EPS will surely 
become an important tool in semiconductor characterization. 
CHAPTER V 
DISCUSSION 
In the deposition of these cadmium sulfide deposits, 
sulfur chemistry obviously plays a very important role. For 
example, the presence of excess sulfur (as elemental sulfur 
or polysulfides) in as small of an amount as one tenth of a 
percent yields a semiconductor of very poor quality. For 
this reason sulfur chemistry will be discussed first, 
followed by a discussion of the deposition process itself. 
More specifically, adsorption effects of sulfur will be 
commented on followed by a discussion of the implications of 
the differing electrochemical properties of sulfur species. 
In the light of all of this, the results of deposition 
conditions will then be related. 
Since there are several different electrode processes 
here, some notation is needed in order to clarify the 
different methods. Electrode measurements made with the 
high pressure liquid chromatograph and an electrochemical 
flow cell will be referred to as HLPC-EFC electrodes. The 
electrode on which CdS is actually being cathodically 
deposited will be called CD electrodes for cathodic 
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deposition. The word "deposits" in the text refers to CdS 
cathodic deposits. 
Sulfur Chemistry 
Adsorption of Sulfur Species Adsorption effects of 
sulfur was noted on all of the HPLC-EFC electrodes on which 
sulfur was applied. This effect has also been noted by 
Baranski and Fawcett(9) who claim that adsorption is an 
important initial step in CdS formation by this technique. 
These effects were most greatly noted on electrochemical 
flow cells when the initial samples of sulfur passed through 
them. This was always accompanied by a decrease in the 
background current and usua1ly without the presence of any 
sulfur peaks. 
a passivating 
This is a 
layer 
strong indication of sulfur forming 
on the surface of the HPLC-EFC 
electrode. After a partial or full covering, bulk sulfur 
could then be reduced by electrons transferring through the 
adsorbed sulfur layer, and peaks could be observed. Thus 
each of these HPLC-EFC electrodes needed conditioning by 
pre-exposure to sulfur before the sulfur reduction peaks 
could be observed. 
This conditioning effect was greatest with the HPLC-EFC 
porous carbon electrode, due to the high surface area of 
this electrode. Conditioning of this HPLC-EFC electrode by 
HPLC injections took unreasonable amounts of time and was 
greatly aided by flushing the electrode directly with the 
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sulfur sample solution. Other HPLC-EFC electrodes also 
required conditioning but their smaller surface areas had 
much shorter conditioning times and this conditioning would 
be accomplished after just a few injections through the 
HPLC. 
Adsorption on the HPLC-EFC CdS electrode was most 
evident by the broad peak that appeared after the sharp peak 
caused by bulk sulfur. That adsorption causes these peaks 
is evidenced by two facts: this broad peak appears after 
bulk sulfur has passed through the flow cell, and this peak 
occurs at potentials higher than necessary for the bulk 
peak. This higher potential for the adsorbed species also 
tells us that it is the reactant rather than the product 
that is adsorbing(28). This adsorption on CdS in general 
has been noted by others(9) but here it is noted that not 
only does S8 adsorb but S7 adsorbs as well. 
of sulfur also may adsorb on CdS. 
Other species 
Adsorption effects on cadmium metal was also observed 
during the reaction of bulk sulfur with finely divided 
cadmium. This was a non-Faradaic process, with sulfur 
solutions being filtered through the cadmium. At room 
temperature the metal passivates quickly after contact with 
the sulfur solution. At higher temperatures this 
passivation still occurs but much more slowly. At higher 
temperatures adsorption decreases and it is possible that 
the electrodepositions of CdS are best made near 90° because 
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of the reduction of adsorption. Inclusion of excess sulfur 
in the deposits because of adsorption could also be causing 
the deep acceptor levels that are noted in the EPS spectrum. 
Reactivity of Sulfur Species. The higher reactivity of 
S6 and S7 is not too surprising having been previously known 
for S6 and suspected for S7 (21,22). For example, Bartlett 
has shown that S6 is more susceptible to attack by 
triphenylphosphine and other nucleophiles than is S8 (23). 
This reactivity is shown on the gold electrode by the lower 
potentials at which S6 and S7 reduce (see figure 10). For 
the CD electrode this means that if S6 and S7 are present 
then they will reduce before the S8' Not only are S6 and 
S7 thermodynamically less stable at room temperature than 
Sa but they react faster as well. 
at higher flow rates (less 
In figure 12 we see 
time exposed to 
that 
the 
electrode) Sa reduction is kinetically inhibited and only 
reduces by two electrons per molecule while S6 and S7 are 
reduced by many electrons per molecule at all flow rates. 
Thus S6 and S7 are not only reduced more easily but they are 
reduced more completely. If Sa were to be incompletely 
reduced during the CdS deposition, this would lead to excess 
sulfur in the deposit which could cause the EPS spectrum's 
deep acceptor levels. 
The reactivity of S7 was followed in several 
experiments. In the filtration of sulfur solutions through 
cadmium metal at 90°, S7 was significantly more reactive 
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than either S6 or SS' S7 has also been reported to be very 
UV sensitive (19,25). This sensitivity was seen here as the 
conversion of S7 to mostly S6 over a period of hours. 
Steudel observed a much more rapid conversion (26) and Tebbe 
noticed Ss as the decomposition product (19). These 
discrepancies are not fully understood although they may be 
due to trace nucleophiles present in solution. The fact 
remains that S7 is less stable than S8 or S6' which had been 
expected theoretically for some time (22). 
Thermodynamically and kinetically S6 and S7 has been 
shown to be more reactive than SS' It is possible that the 
presence of S6 and S7 during the deposition of CdS helps to 
catalyse the reduction of S8 as well as themselves. Their 
presence may also initiate nucleation sites for sulfur 
reduction in the bulk solution instead of reducing on the 
surface on the CD electrodes to form the CdS seed crystals. 
Whatever the role of S6 and S7 in these deposits, it is 
certain that they do react and in all likelihood play an 
important role. 
Deposition Conditions ~ Cadmium Sulfide 
Each of the parameters that was studied here for these 
CdS deposits is discussed separately below. Much of it is 
examined in the light of the sulfur chemistry deliberated 
previously. 
Temperature. These deposits were originally made at 
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elevated temperatures solely to dissolve enough sulfur. The 
effects studied here reveal that these temperatures may be 
necessary in order to reduce the amount of sulfur adsorption 
on the CD electrode surface during deposition or at least to 
cause the adsorbed species to react more readily. 
Adsorption could greatly hinder the deposition mechanism. 
Even minute amounts of adsorption at these high temperatures 
(near 90°) on the CD electrode could lead to the traces of 
excess sulfur in the deposits which is one of the causes of 
the inefficiencies. 
Why higher temperatures lead to poorer deposits is not 
as clear. Hogle(16) showed that CdS is soluble in DMSO at 
these temperatures in appreciable amounts. It is thus 
possible that CdS is dissolved into solution enough to cause 
improper crystal formation on the CD electrode. Another 
possible cause could be the case at which nucleation sites 
are formed at higher temperatures. The already small 
crystals present on the CD electrode could be made even 
smaller, or even amorphously formed, by a higher number of 
these sites. Both of these factors lead to smaller 
crystallites with a greater number of imperfections, causing 
higher temperature deposits to be less beneficial. 
Current Density. At current densities below 0.15 
mA/cm 2 deposits of a bright yellow color are formed rather 
than the usual yellowish orange. This color could be due to 
the presence of polysulfide salts or even elemental sulfur. 
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Again adsorbed sulfur on the CD electrode surface may be the 
culprit. If adsorbed species reduce only partially or not 
at all on the surface, these incompletely reduced species 
could become enclosed in the crystal, yielding the observed 
color and poor responses. 
At higher current densities there is a gradual tapering 
off of photoresponse. In the electrochemical measurements 
of sulfur on CdS it was noted that there ~as a slow 
reduction of adsorbed sulfur. Thus at high current 
densities adsorbed sulfur may be kinetically inhibited 
causing reduction in the bulk solution instead of reducing 
on the surfa~e of the CD electrode. This could lead to poor 
coulombic efficiencies during CdS deposition and cause the 
poorer deposits. This reduction of photoresponse at higher 
current densities may also be due to the diffusion limiting 
current of S7 and S6. Read the next section for details. 
Sulfur Concentration. The solutions of these CdS 
depositions all performed best with sulfur at or near 
saturation. Sulfur is not a very soluble element and 
molecular concentrations are thus low. But these 
concentrations are a factor of ten above what is needed for 
a diffusion limited reaction at the current densities used 
for these CdS deposits. It is feasible that these higher 
concentrations are needed to increase the presence of S6 and 
S7· 
The levels of S6 and S7 in the deposition solution at 
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90° were measured by HPLC-UV detection. Having taken into 
account the difference in absorptivity, and assuming that 
the rate of diffusion is the same as S8' and also assuming 
that S6 and S7 reduce completely (12 and 14 electrons per 
molecule respectively), the potential contribution of these 
reactive species to the deposition current was calculated. 
The results give 0.34 mA/cm 2 which is more than enough to 
account for all of the CdS deposition current and may even 
explain the tapering off of photoresponse of deposits 
prepared at current densities above 0.30 mA/cm2. In reality 
S6 and S7 must compete with the much more prevalent S8 but 
their higher and faster reactivity may cause them to be the 
major reducing species. 
Cadmium Ion Concentration. The existence 
concentrations of cadmium ions is necessary for 
of 
these 
high 
CdS 
depositions although the method is not sensitive to the 
actual concentration. Cadmium ions complex readily with 
various anions and these affect the CdS deposits(9). 
Polysu1fide species also complex readily with cadmium ions 
and their formulation during the CdS e1ectrodeposition may 
be removed by these complexes as they are quite soluble(16). 
Free uncomp1exed cadmium ions may be necessary for these 
deposits(9) and the excess present during these deposits 
provides these simple ions. 
Bismuth Doping. The correct doping level is important 
for any semiconductor and these cadmium sulfide deposits are 
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no exception. The presence of trace amounts of bismuth 
greatly improved the photoproperties. Just as important 
though, this bismuth doping greatly reduced the variability 
noted for these CdS deposits. Obviously other trace 
impurities or defects in the crystals were acting as shallow 
donor levels whose quantities were not very controllable. 
Bismuth inclusion brought these donor levels up to better 
and more manageable levels. 
Conclusion 
Adsorption of sulfur species plays a very important 
role in sulfur electrochemistry and this holds for these 
cadmium sulfide deposits as well. The higher temperatures 
needed for these deposits reduce the amount of adsorption 
and aid the reduction of bulk species on the CD electrodes. 
This decrease of adsorbed species also helps to eliminate 
inclusion of excess sulfur which reduces the semiconducting 
characteristics. 
S6 and S7 are reactive enough both energetically and 
kinetically on electrodes in general to account for a 
majority of the sulfur reduction on the CD electrodes. Thus 
S8 may even be playing an inhibitive role by adsorbing and 
blocking access of these more reactive species to the CD 
electrode. 
The suspected presence of trace amounts of sulfur in 
the deposits is confirmed by EPS. This new technique of 
measuring deep impurity 
application not only here 
semiconductors. The ease 
and the resultant sensitivity 
method. 
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levels in semiconductors has 
but in a wide variety of 
at which these spectra are made 
make this a promising new 
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APPENDIX 
A PROGRAM IN FORTRAN THAT ANALYSES 
ELECTROCHEMICAL PHOTOCAPACITANCE DATA 
l\;C PHTCAP 
2ec 
30C T~IS pqO~RnM ~N~LYSES PHOTOCAPACITANC~ SP~CTRA DATA 
I,~C 
~~C USING THE MOTT SCHOTTKY REL~TIONSHIP ~~D THE FACT THAT IN THIS 
6JC Eu0ATIO~ ~ TOTAL IS 5QUAL TO THE SU~ OF ~I-F(5I,~HV) WH~RE 
70C Nl= THE ~E~SITY OF STATES Ai ENERGY LEVEL EI AND F(X,Y) IS THE 
auc FEMMI DI5TRInUTIO~=~./C1.+EXPC(X-Y)/KT)). THE NI ARE 
90C CALCUL=TEC USING I MULTIPLE REGRESSIO~ ANALYS!S WITh THE FERMI 
100C FUNCTI0NAS THE VARI~nLES AND CAPACITANCE SQUARED/FACTO~ AS THE 
110C OAT~ VALUES 8EING FITTEO. 
120 C 
13GC 
140 C 
1 SOC 
160C 
170C 
180C 
190C 
200 C 
21(JC 
220 
230 
240 
250& 
260-
270-
280-
DATA MUST 8E IN A SEPARAT~ FILE. THIS FILE MUST HAVi NO 
COM~ENT STATE~E~TS ANC MUST HAVE LI~E ~~~BERS ON EACH LINE. 
THE FIRST LINE Musr YIVE THE DIELECTRIC CONSTANTCUNITLESS 
Dr~ENSIONS) ONLY. TYE SECOND LINE SHOULD HAVE THE POTENTIAL 
V~. FLAT RAND POTENTIAL IN VOLTS. THE THIRD ~UST HAVE THE TOTAL 
NUMBER OF DAT~ POINTS. THE FOURTH AND FOLLO~ING LINES MUST 
CO~TAIN THE CAT~ POINTS ~ITH THE WAVELENGTH IN NANOMETERS 
GIVEN F!RST THE~ THE PHOTOCAPACITANCE I~ NANOFARADS GIVEN 
LAST. ONLY O~E SET OF POINTS PER LINE PLEASE! 
I~PLICIT DOUBLE PRECISION (A-H,C-Z) 
DIMENSION RWD~TA(2,300),PRCDTA(2,30C).DATACZ.300"RSLT(3,100) 
COMMON IARRAYI X(300,25),XSUM(25),Y(300),XMEA~(25), 
XPX(2',26',LABF.L(Z5),XPY(25),LL(2S),ASSQ,NPl 
ACCeSSES DATA FILE FOR PROGRAM 
290 INTEGER FNAME,OKST/040CCOOOOOOOO/,OKST1/04037000000001 
300 CHARACTER FNAM*4(4) 
310 OATA FNAM(1',FNAM(4)/"1 
320 FrJANE=10 
" ... ,  
330 347 PRINT:"NAME OF FILE IS" 
340 READ 3D2,FNAM(2),FNAM(3) 
350 3C2 FORMAT(2A4) 
360 CALL ATTACH(1C,FNAM,3,0,ISTAT,) 
"I 
570 IF(ISTAT.EQ.0.OR.ISTAT.EQ.l.0R.ISTAT.EC.OKST) GO TO 4545 
380 IF(ISTAT.EC.OKST1) GO TO 4545 
390 PRINT 3434,ISTAT 
400 3434 FORMAT("ERROR ACCESSING FILE - STATUS = "OlZ) 
410 STOP 
420 4545 CONTINUE 
430-
440-
450· 
THIS ReADS DATA FP.O~ THE FILE 
460 20e FORMAT(V) 
470 READ(FNAME,ZOO)LIHE,PRTVTY 
480 RE4D(FNAME,200)LINE,POTEN 
490 READ(FNAME,ZOO'LINE,NT 
5eO PRINT 211, PRTVTY,POTEN,NT 
51C 211 FORM4T(lX,"DIELECTRIC CONSTANT=",F7.3," U-UFO=",F6.3, 
520&1,"TOTAL ~UM9ER OF DATa peINTS=",14) 
530 DO 11 l=l,:H 
54U 11 READ(FNAM~,200)LINE,RWDATA(1,I),RWDATAC2,I) 
550-
560-
570-
580-
~90-
600 
610 
620 
630 
CONVERTS CAP.(RWDATA2) TO C*-2-U/EO/E/E-
(P~CDTA2CPROCESSED OATA» AND CONVERTS HVCRWDATA1) 
Tv ELECTRON VOLTS 
EOELD2= 7.08E-15 
FACTOR=EOELD2·PRTVTY/ P OTEN 
DO 21 1=1 ,tlT 
PPCDTAC 2,1 )=RWDATAC2, 1l**21 FACTeR 
66 
640 21 PHDTA(1,1l=1~42./RWDATAll,r) 
650 * 
660* FIN~S EMAX AND E~I~ (HIGHEST ~ LCWEST ENERGY) 
o 7U' 
6 Bu E n ~~ =P q COT ,\ 11 ,1 ) 
69L :"'H=PQCDTAlj,1) 
7eo DO 61 I =2,rH 
71':: 
720 
730 
740 
750 
76u 
77[1 
780 
790 
aoo 
al0 
32{j • 
a30 • 
840 -
850 
a60 
870 
880 
890 
900 
910 
920 
930 
940 
950 
960 
• = ~ ~.: IrJ - PRe ~ T ~ ( 1 , I ) 
~=~KAX-PRCDTftli,I) 
IFIA) 41,61,31 
31 E:'.,'I=PRCDTAI1,l) 
GOTD 61 
41 IFIS)S1,51,61 
51 E'HX=PQCDTAC1,J) 
61 
212 
CO'~T INUE 
PRUH 212,p'Ir~,EMA)( 
FORMATllX,'THE RANGE 
PRINT 201 
INITIALIZES VALUES 
TK=0.02572 
I~ FRO!' ',F?4,' TO 'F7.l.,'EV') 
CHARACTER ANS,IYES,IY; DATA IY,IYES/"Y","YES"/ 
PRINT:'DO YOU WANT AUTOREGRESSIC~ WITH 2KT RESOLUiION?' 
READ 302,ANS 
IFCANS.~E.IYES.AND.ANS.NE.TY) GCTC 63 
RS=2. 
RNP=IEMAX-EMIN)/TK/RS 
NP=RNP 
IF(RrIP-rIP.GT.O.S) NP=NP+l 
NP=NP+l ; RNP=NP 
IFOlP.GT.25) NP=25 
GOTO 65 
970 63 PRINT:'WHAT RESOLUTION WOULD YOU LIKE? (IN UNITS OF T 
980&K)' 
990 READ 20e,RS 
1 DOC 
1010 
1020 
PRINT:'~HAT ORDEP OF REGRESSION IS DESIRED? (AN INTEGER)' 
READ 200,NP 
qNP=NP 
lD30 IFCRS*RNP.GE.6.) GOTO 65 
1040 PRI~T:'REGRESSION SIZE IS ~OT LARGE ENOUGH; CHOOSE LA 
OR ce R. ' 1 C50&RiiE R 
1060 READ 2CG,NP ; RNP=NP 
65 "~I~IT 201 107C 
10bD 
1 C90 
1100 
1110 
1120 
1130 
1140 
1150-
1160-
1170-
1180 
11 'i 0 
1200 
1210 
1220-
1230-
1240 .. 
~=O; ~1=O; NVR=NP;NDQ=O. 
NPH=NP/2+1 
Rr;PH=NPH 
RBG=NP-NPH+.5 
DC 71 I=1,NP 
71 LL<I>=I 
STARTS LOOP FOQ NEXT EI AND N: 
111 EI=EI+RS"TK 
E&IG=rl+TK*RS*ROG 
r:=O 
DETERMINES RA~GE 
1250 DO 91 1=1,NT 
1260 IF«ES~L.GT.PRCDTAI1,J».OR.IPRCDTAC1,l).GT.EBIG» GO TO 91 
67 
1270 
12bG 
1290 
1300· 
1310· 
1320· 
'J='l+' 
o ~ T A C 2 ,;n =P R COT A C 2 , I ) ; 0 A T A ( 1 , N ) = P P. COT ~ ( 1 , I ) 
? 1 C I) r~ T I :: L!: 
TESTS TO BE SURE OF E~OUGH DATA PCI~TS 
1330 I: C~.GT.NP) ~OTO ,n, 
1340 P~I~T: '~CT E~nUGH DATr POINTS TO aNALYSE ENERGy lEvEL' 
1350i;"El,'::v' 
1 360 ~=""+1 
1370 IF{~.LE.l0.CR.EBIG.GE.EMAX) GOTD ~1 
1380 PRINT: 'PROGRAM ~8nRTED DUE TO LACK OF DATA POINTS' 
1390 STOP 
1400-
1410· CORR~CTS DITA oryl"TS USI~~ PREVICUS ~I'S 
142U-
1430 101 IF C~1) 131,131,'11 
1440 111 I~=NDR-NP/2 
1450 DC- 121 !=1,N 
1460 DO 121 J=1,I8 
1470 121 OATA(2,I)=OATA(2,I)-QSLTC2,J)/Cl.+DEXP(CRSlT(1,J)-
1480&DATAC1,!»/TK» 
1 490-
1 500-
1 510. 
1520 
1530 
1540 
1550 
1560 
1570 
158C 
1590· 
i 600-
1610-
CONVERTS DATA FOR SUBROUTINE MTR, ~ULTIPLE REGRESSION 
131 DO 141 I=1,N 
Y( Il=DftTA (2, 1) 
DO 141 J=1,NP 
RLJ=J-NPH 
141 X(IIJ )=1./('.+DEXP«'=I-Il~TA(1_!»ITK+RS*RLJ» 
I F ( ., 1 • r.. E. 0) P R I r~ T: ' R • 
C\LL ~TR(NVq,NP,N) 
PRiNTS INITIAL DATA 
1620 H(M1) 151,151,171 
1630 151 ~'1=r~1+1 
1640 PRINT 201 
1650 PRINT:' ENERGY LEVEL DENSITY CF STATES STANDARD 
1660&DEVIATION' 
1670 PRINT 201 
1680 201 FORMATC/) 
1690 J=NPH-l 
1700 DO 161 !=1,J 
1710 R!=!-NPH 
1720 E=EI+RI-RS*TK 
1730 S'V=DSQRTCDA~SCXPXCI,!».ASSQ) 
1740 NDR=NDR+l 
1750 RSLT(1,NDR)=E 
1760 RSLTI2,NOR)=XPX(I,N0l) 
1770 RSLT(3,NDR)=snv 
1780 161 PRINT 203,E,XPXC!,'IP1),SDV 
1790 2Q3 F1RM~T(3x,F9.6,7x,El1.4,SX,El1.4) 
1500· FOR T:ST OF R~SULiS 
1810 S~~=O. 
102Ll DC 165 !=1,NP 
1830 R!=l-NPH 
1 040 1 65 5:.J" = 5 U r- + X P X ( I, r~ P 1 ) / C 1 • + 0 EX P ( ( E 1-0 ~ Til ( 1 , 1 ) ) IT K + R S - Q I 1 ) 
1850 YJ=DATA(2,1)-SU~ 
1860-
1070* PRINT DATA AND LOOPS BACK FOR NEXT EI AND NI 
1 8BO-
1390 171 S~V=DSQRT(DftBS(XPX(NPH,NPH».ftSS~) 
68 
19C,G 
191 G 
1920 
193 Q 
1 'I4:J 
195 G 
1960· 
1970· 
191>0· 
1990 
2000 
2Cla 
2020 
2030 
2G4 U 
.1050 
2060 
207 C 
2e80 
2090 
2100 
.1110 
2120 
2130 
2140 
2150 
2160 
2170 
2180 
2190 
2200 
2210 
2220 
2230 
2240 
2250* 
NDR=NDR+l 
q S l T C 1 , rIO II ) = E 1 
RSlTC2,~OR)=YPXC~PH,~Pl) 
R<;LTC3,I<!lR)=S:>V 
pqI~T 2~3,E!,~P'C~PH,"P1),SDV 
IFCE~IG-EMAX)al,30',3Ql 
P R I 'H S L. ~ S T D AT,', 
30' J=NPH+' 
DO 311 I=J,1I1" 
R 1 = 1- ~I P f' 
E=EI+~I·RS*TK 
SOV=OSGRTCDA9SCXPXCI,I»*ASSQ) 
~;DIl=N:J R+l 
RSL T C 1 ,NOR)=E 
RSLTC2,~OR)=XPXCI,~P1) 
R S LTC 3 , ~~ 0 R ) = S 0 V 
311 PRINT 2S3,E,XPXCI,np1),SOv 
PIlPIT 201 
PRINT:' TEST OF RESULTS' 
PRIrH 201 
?RINT:' HVCEV) HVCNM) PREDICTED CAPACITANCE' 
DO 331 l=l,'IDR 
SU"1=O. 
00 321 J=1,NDR 
321 SUM=SUM+RSLTC2,J)/Cl.+DEXPCCRSLT<1,J)-RSLTC1,1»/TK» 
SUM=DSQRTCOABSCFACTOR*CSU"1+YO») 
HVNM=1242./RSLTC1,1) 
331 PRINT 215,RSLTC1,l),HVNM,SUM 
215 FORMATC1X,F7.4,3X,F7.1,9X,F9.4) 
PRINT 2(J5 
Z05 FORMATC//,21HNORMAL END OF PROGR~M) 
999 STOP 
E r.D 
2l60*·*·****·**** 
2270* 
SUB 1l0UT HI E ~T R **********.*.******** 
2280 
2290 
2300 
2310& 
2320 
2330 
2340 
2350 
2360 
2370 
2380 
2390 
2400 
2410 
2420 
2430C 
2440 
2450 
2460 
2470 
2480 
2490C 
2500 
2510 
2520 
SUBROUTINE MTRCNVR,NP,M) 
IMPLICIT DOUBLE PRECISION CA-H,O-Z) 
COMMO" JARRAY/ XC300,2S),XSUMC2S),YC300),XMEANC25), 
XPXCZ5,26),lABElC25),XPY(25),llC25),ASSG,NP1 
DO ZO 1=1,MP 
20 ~SUIH 1l=0. 
YSU~'::f1. 
DO 30 l=l,N 
YSUM=YSUM+Y( I) 
DO 30 1(=1,NP 
30 XSUMCI()=XSUMCK)+XCI,K) 
FN=N 
YMEAN=YSUllIFN 
DO 35 1=1,NP 
35 XMEAf.lC I)=XSU~1(I) /FN 
CONVERT DATA 
DO 45 1=1 ,I~ 
DO 40 J =1 ,lIP 
4'1 XC!,Jl=xCI,J)-xr'EAIHJ) 
45 YCI)=YC!)-YMEAN 
NP1=~IVR+1 
ClE AR xPX ARP,AY 
DO 60 1=1,25 
DO 6("1 J =, ,11 
60 xrxCl,J)=O. 
69 
2530C 
2540 
2550 
2560 
2570 
2580 
~ 590 
2000 
2610C 
262 Q 
2630 
2640 
2650 
2660 
267(1 C 
268e. 
2690 
2700 
2710 
2720 
2730 
2740 
2750 
2760 
2770 
2780 
2790 
2800 
FORU tROSS PRODUCTS ~~D SU~ 
D::J 72 I Y=l,tJVQ 
I=LLCIll 
DC 72 JJ=lI,N'/q 
J=LLeJJ) 
~() 70 K=i "r~ 
7J Y.PY(:I,JJ)=xPVC!I,JJ)+XCK,I).XCK,J) 
72 XPXCJJ,II)=xpxUI,JJ) 
FORY ~IGHT SIDE OF NOR~AL EQU~TIONS 
DO 9[; I 1=1 ,~lVR 
I=LUII) 
DO SO K=I,N 
8 () x P x ( J I ,~, pI) = X p X C I I , N pI) + Y ( K ) • X C K, I 1 
90 X"Y(lI)=xPX(Il,~;P1) 
110 
131 
SOLVE t!~R~~L EJU~T!O~!S 
CALL MTINVCXPX,NV~,NP1,LABEL) 
SSCI=C. 
D(1131I=1,'J 
OUT=O. 
DO lIe KK=1,NVR 
K=LLCKK) 
OUT=O~T+xel,K)·XPX(KK,NP') 
OUT=OUT+YMEAN 
YOU T = Y ( I ) +Y ~1 E A fJ 
SSQ=SSQ+CYOUT-OUTl·*2 
ASSQ=SSQ/N 
RETURN 
END 
21310 C 
2020ccceecccccccccccccceccccccceccecccccccccccceeeeeec eeececceeeeecceeec 
2830C 
21i40C 
2850C 
2860 
2d70 
2880 
2090 
2900 
2910 
2920 
2930 
2940 
2950 
2960 
2970 
2980 
2990 
3GGO 
.3010 
3020 
5C30 
3040 
50S 0 
.3060 
3070 
3080 
3090 
3100 
31 I 0 
3120 
3130 
3140 
3150 
I 1 
12 
13 
14 
15 
16 
17 
18 
~ATRIX INVERSE SU9POUTINE 
SUBROUTINE MTINVCA,NRARG~NeARG,LABEL) 
IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
DIMENSION A(25,999),LABEL(99?) 
NR=NRARG 
tlC=NC ARG 
DO 11 J 1 = 1 , tl R 
LABEL( J 1) =J 1 
DO 21 J1=1,fJR 
TErl,p=o .0 
DO 13 J2=Jl,NR 
IFCDA9S(ACJ2,J1»-TEMP) 
TEMP=~A9S(A(J2,J1» 
IE'IG=J 2 
CONTI ~lUE 
IF(IBIG-J1) 27,16,14 
DO 15 J2=1,NC 
TEMP=HJ1,J2) 
ACJ1,J2)=ACIBIG,J2) 
A ( I B J G , J 2 ) = T E i1P 
I=LABEUJll 
LA9ELCJ1)=LABELCI9IG) 
L ~BEL C 191 G)= I 
TE~P=A CJ 1,J 1 ) 
ACJ1,J1)=1.C 
DO 17 J 2 = 1 , 'J C 
A(Jl,J2)=ACJ1,J2)/TEMP 
DO 20 J2=1,NR 
IFCJ2-J1) 18,20,18 
T H1 P = A e J 2 , J 1 ) 
AeJ2,jI)=D.O 
70 
31bO 
317[; 
3180 
.519C 
3200 
3,n G 
322(. 
3230 
324 G 
3250 
3260 
.5270 
.52bO 
3290 
330L 
331 G 
3320 
3330 
D" 1 ') J 3 = i , ~I C 
1 <) ... C J 2, J 3 J = A (J 2, J3 J - T E"'P"" C J 1 , J , J 
20 COIHI~lUE 
21 CO::TINt..t 
N1=rJIl-1 
DO 26 J1=1,r/1 
'0 23 J 2 = J 1 , IJ g 
tFeL~AEL(J2J-J'J ?!,?2,2~ 
22 Ii'<J:-J1) 27,26,?~ 
23 corn I NUt: 
24 O~ 25 J3=1,~R 
TH'P=~(J3,Jl J 
AeJ3,J1J=AeJ3,JZl 
25 AeJ3,J21=TEMP 
L~BELeJZJ=L~aELeJ1J 
26 CO:: T I :1 U;: 
27 RET lJR 'I 
END 
71 
